Two field experiments were conducted from 2009 to 2011 on a Gray Luvisol (Typic Haplocryalf) loam at Star City, Saskatchewan, Canada, to determine the effectiveness of intercropping barley or canola with pea in improving crop yield, total N uptake, seed quality, Land Equivalency Ratio (LER) and economic returns compared to barley, canola or pea grown as monocultures. Average seed yields of barley-pea or canola-pea intercrops were usually greater than those of barley, canola or pea as sole crops. In intercrops, application of N fertilizer increased seed yield of barley or canola but had only slight beneficial effect on the combined seed yield of both crops together. The LER values for intercrops were usually much greater than 1, suggesting less land requirements of intercropping systems than monoculture for the same seed yield. Net returns were lowest for barley as sole crop. Without applied N, net returns were slightly lower for barley-pea intercrop and slightly greater for canola-pea intercrop than pea as a sole crop. Generally, protein concentration in canola or barley seed was higher and oil concentration in canola seed was lower in intercrop combinations compared to sole crops. Response trends of total N uptake in seed or straw were usually similar to that of seed or straw yield. In conclusion, intercropping barley or canola with pea improved yield, N uptake and net returns, suggesting the potential of barley-pea or canola-pea intercrops and pea for organic farming systems.
INTRODUCTION
Intercropping refers to growing two or more distinct crops in the same field at the same time. Intercropping, especially a mix of non-legume and legume crops, can have many benefits. Intercropping adds diversity to the cropping system, resulting in the stability of production by lowering risk of crop failure in barley-pea intercropping [1, 2] . Intercropping may reduce input costs by lowering fertilizer and pesticide requirements, and thus increase economic returns for mustard-pea or barley-pea intercrops [3, 4] , and also improve harvest ability of crops in cereals-pea or cereal-lentil intercrops [5, 6] . Intercropping can also lead to extra yield [also called out-yielding (i.e., when the yield produced by an intercrop is greater than the yield produced by the component crops grown in monoculture on the same total land area)] in cereallegume [2, 3, [7] [8] [9] [10] or oilseed-legume [3, 10] intercropping systems, and grain quality [5, 11] . Out-yielding can be calculated by measuring productivity efficiency of intercrops relative to sole crops by using various methods, such as Area x Time Equivalency Ratio (ATER) [12] , Relative Yield Total (RYT) [13] or Land Equivalency Ratio (LER) [14] . However, the LER is most commonly used to make intercrop versus sole crop comparisons, and is defined as the relative land area under sole crops that is required to produce yields equivalent to intercrops.
There are many reasons for the occurrence of outyielding in intercropping systems. Weed suppression [6, 15] and lower susceptibility to insects and diseases may increase yields of intercrops [16] [17] [18] . This is also possible that a mixture of different crop plants will use resources (e.g., nutrients, water and light) more efficiently than crop plants of the same type, and may also provide mutual benefits to each other, such as fixed nitrogen (N) from legumes, root length [2, [19] [20] [21] . The magnitude of beneficial effects of intercropping nonlegumes with legumes on yield, produce quality, nutrient uptake and economic returns vary with crop species, soil type and climatic conditions (agro-ecological regions). In Canada, especially in the Parkland region, research information is lacking on the effects of intercropping nonlegume and legume annual crops on crop yield, seed quality and economic returns. The purpose of this study was to determine the feasibility of intercropping annual non-legume (oilseeds or cereals) and legume (pea) crops for optimum yield, produce quality and economic returns.
MATERIALS AND METHODS

Field Experimentation
Two field experiments (Experiment 1 with barley-pea intercrop; Experiment 2 with canola-pea intercrop) were established in 2009 on a Gray Luvisol (Typic Haplocryalf) loam at Star City, Saskatchewan, Canada. Some characteristics of the soil used in these experiments are presented in Table 1 . Soil was low in available N. Precipitation in the growing season (May, June, July and August) from 2009 to 2011, and long-term (30-year) average of precipitation and air temperature in May to August at the nearest Environment Canada Meteorological Station (AAFC Melfort Research Farm) are presented in Table 2 . The amount of precipitation in the growing season over four months from May to August was 226.0 mm, 403.0 mm and 198.0 mm, in 2009, 2010, and 2011, respectively. The precipitation for the 30-year average at the nearest meteorological station (Melfort) was 243.7 mm. In 2009, the growing season precipitation (GSP) was near longterm average, with slightly lower than average precipitation in May and slightly higher than average precipitation in August. In 2010, the GSP was much higher than average (especially in June, and also in April prior to spring), and relatively cooler air temperatures in most summer. In 2011, the GSP was below average (especially in May during seeding season and in August during seed formation/filling), with relatively cooler air temperatures and wet conditions in June, and relatively warmer/hotter air temperatures and dry moisture conditions in late July and August.
In both experiments, there were 10 treatments, where barley and pea (Experiment 1), or canola and pea (Experiment 2) were grown as monocrops and in combinations, and N fertilizer at 0, 40 and 80 kg·N·ha -1 was applied to monocrops barley and canola and their combination with pea. In Experiment 1, the treatments were: 1) barley, 0 kg·N·ha All plots received blanket applications of P, K and S fertilizers. The crops were seeded in rows 17.8 cm apart, with 10 rows per plot. In the barley-pea intercrop Experiment 1, no herbicide was applied and weeds were controlled manually by hoeing whenever needed. In the canola-pea intercrop Experiment 2, herbicide Solo (a.i., imazamox) was applied to control annual weeds in both canola and pea. We did not observe any visual symptoms of disease in any crop, so no fungicide was applied. At maturity, the crop was harvested with a combine for seed yield. Plant samples were also harvested for biomass and straw yield. Seed and straw samples were analysed for total N concentration [22] to calculate N uptake.
Land Equivalency Ratio
To compare crop growth/yield in intercrops relative to the respective sole crops, LER was calculated by using formula [LER = (Intercrop1/Sole Crop1) + Intercrop2/ Sole Crop2)] of Szumigalski and Van Acker [14] . The LER value greater than 1 indicated out-yielding with intercropping (i.e., greater production and lower land requirement with intercropping compared to sole crops). On the other hand, the LER value less than 1 suggested under-yielding with intercropping (i.e., lower productivity and greater land requirement with intercropping than the sole crops).
Statistical Analysis
The various treatments were applied to the same plots every year over three years to include any residual cumulative effects of the treatments over time. In addition, the response trends of crops to various treatments were generally similar in all three years. Because of these reasons, the data for each parameter in each experimental unit were averaged over three years [23] , and then these calculated means were subjected to analysis of variance (ANOVA) using procedures as outlined in SAS [24] . Significant (p ≤ 0.05) differences between treatments were determined using least significant difference (LSD 0.05 ). The LSD and standard error of the mean (SEM), along with significance for different parameters are presented in the various tables. Table 3) . Seed yield of pea decreased with increasing N fertilizer application in both intercrop combinations, and more so seeding in the same row intercrop. The LER values for the corresponding N rate treatments in barley-pea intercrop combinations were greater than 1 in all cases. The LER values were highest when no N was applied to intercrops, but decreased with application of N fertilizer at 20 or 40 kg·N·ha -1 . Total N uptake in seed for barley and pea as sole crops as well as when sown as intercrop in both combinations showed trends similar to seed yield ( Table  3) . The LER values for total N uptake in seed also showed patterns similar to LER for seed yield, but the actual LER values were usually greater for total N uptake in seed than for seed yield. The LER values in both barley-pea intercrop combinations were greater when sole crop of barley was grown at zero-N rate compared with application of N fertilizer, with the least at 80 kg·N·ha -1 rate ( Table 4) . This indicated crop yield would be highest and land requirement would be lowest for barley-pea intercropping, when sole crop is grown without any applied N fertilizer. The LER values were only slightly greater than 1 in many cases when barley received 80 kg·N·ha -1 , suggesting decrease in seed yield and increase in land requirement for barley sole crop receiving increasing rate of applied N. For barley as sole crop particularly at 0 and also at 40 kg·N·ha -1 rates, the LER values increased with increasing N rate from 0 to 40 kg·N·ha -1 in both barley-pea intercrop combinations, with the highest LER values when the barley-pea intercrop combinations received N fertilizer at 40 kg·N·ha -1 . This suggested that seed yield increased and land requirement decreased for barley-pea intercrop with increasing rate of applied N. The LER values for total N uptake in seed also showed response trends similar to LER for seed yield ( Table 4) .
Total of seed and straw yield of barley + pea together in both intercrop combinations increased with applied N, but the increases were much smaller for seed yield than straw yield ( Table 5) . Seed and straw yield of barley as sole crop increased considerably with application of N. Seed and straw yield of pea as sole crop was greater than barley as sole crop receiving no N fertilizer for seed yield and 0 and 40 kg·N·ha -1 rates for straw yield, but were lower than both intercrop combinations in all cases. Seed + straw yields usually followed trends similar to straw yields. Response trends of total N uptake in straw or seed + straw to various treatments were also similar to corresponding straw yield or seed + straw yield ( Table 5) .
Seed Quality
Protein concentration in barley seed was highest when barley was intercropped with pea in alternate rows without any applied N ( Table 6 ). Protein concentration in barley seed tended to decrease with N fertilization in barley-pea intercrop combination in alternate rows, but no effect on protein concentration in seed when both crops were seeded in the same row. There was no consistent effect of any treatment on protein concentration in pea seed.
Economic Returns
Net returns of barley as a sole crop increased substantially with application of N, but still were much lower than both barley-pea intercrop combinations in all three crop price scenarios ( Table 7) . Net returns for barley-pea intercrop without applied N were slightly lower than pea as a sole crop. Net returns decreased with N fertilization when the intercrops were seeded in alternate rows and more so in the same row, suggesting that N fertilization to barley-pea intercrops has no net economic benefit, in spite of slight increase in seed yield.
Canola-Pea Intercrop (Experiment 2)
Yield, Land Equivalency Ratio and N Uptake
Like barley, seed yield of canola as sole crop also increased considerably with application of N ( Table 8) . Seed yield of canola in intercrop increased with N fertilization, but the increases were small and significant only when both crops were seeded in the same row. There was also small increase (but not significant) in seed yield of pea with application of 20 kg·N·ha -1 in both intercrop combinations. The LER values for the corresponding N rate treatments were much greater than 1 for both intercropping combinations, but tended to decrease with increasing N rate. Total N uptake in seed for canola and pea as sole crops as well as when sown as intercrop in both combinations showed trends similar to seed yield ( Table 8 ). The LER values for total N uptake in seed also showed patters similar to LER for seed yield.
The LER values in the canola-pea intercrop in both same row and alternative rows combinations were greater when sole crop of canola was grown at zero-N compared to application of N fertilizer, with the lowest LER values at 80 kg·N·ha -1 rate ( Table 9 ). This indicated the highest crop yield and lowest land requirement for canola-pea intercrops, when sole crop of canola was grown without any applied N fertilizer. For all canola as sole crop treatments, the LER values increased with increasing N rate in the canola-pea intercrop, especially when seeded in the same row. This suggests the increase in seed yield and decrease in land requirement for canola-pea intercrop with increasing rate of applied N.
Total of seed or straw yield of canola + pea together tended to increase with applied N in both intercrop combinations and more so for straw yield (Table 10) . Seed and straw yield of canola as sole crop increased substantially with application of N. Seed yield of pea as sole crop (with no N applied) was much greater than canola as sole crop receiving 0 to 80 kg·N·ha -1 rates, but it was similar to canola-pea intercrop in alternate rows and slightly greater than when both were seeded in same row without applied N. Straw yield of pea as sole crop (with no N applied) was much greater than canola as sole crop at only 0 kg·N·ha -1 rate, but it was lower than that of in both intercrop combinations regardless of N application rate. Seed + straw yields usually followed trends similar to straw yields. Response trends of total N uptake in seed, straw or seed + straw to various treatments were similar to corresponding yield of seed, straw or seed + straw (Table 10) .
Seed Quality
In treatments without any applied N, protein concentration in canola seed was highest when canola was intercropped with pea (Table 11 ). In the applied N treatments, protein concentration in canola seed tended to decrease with N rate in both canola-pea intercrop com- , and ns refer to significant treatment effects in ANOVA at P ≤ 0.1, P ≤ 0.05 and not significant, respectively. binations. Protein concentration in pea seed was greater when pea was grown in intercrop compared to pea as sole crop, but there was no additional benefit of N fertilization on protein concentration in pea seed in both intercrop combinations. Oil concentration in canola seed was lower in both canola-pea intercrop combinations compared to canola as sole crop, especially when no N was applied to intercrops (Table 11) . Oil concentration in canola seed increased with N fertilization in both canola-pea intercrop combinations.
Economic Returns
Net returns of canola as sole crop increased dramatically with application of N, but these net returns were much lower than that in canola-pea intercrop combinations or pea as sole crop (Table 12) . Net returns in canola-pea intercrops without applied N were highest when both crops were seeded in the same row, and this was followed closely by intercrops seeded in alternate rows, which in turn was slightly greater than pea as sole crop. In both intercrop combinations, the net returns first in- creased with application of 20 kg·N·ha -1 and then decreased beyond this N rate.
DISCUSSION
Earlier studies have explored the feasibility of intercropping grain legumes with various cereal [4, 5, 9] or oilseed [10] crops to improve land productivity, economic returns and produce quality. The present study considered barley-pea or canola-pea intercrop mixtures as alternatives to barley, canola or pea sole crops in the Parkland region of western Canada under sub-humid climatic conditions. The following section discusses the effects of intercropping versus sole cropping in relation to crop production, land resource use efficiency, produce quality and N uptake, by providing possible explanations for any varying results from the published literature.
Previous research has established that pea-barley or pea-mustard intercrop produces greater seed yield than pure crops, in spite of the reduction in seed yield of the components [4, 25] . This was attributed to a strong competition from cereals or oilseeds to pea in mixed intercropping [4, 26] . Similarly, in our study barley or canola and pea intercrops produced greater seed yield than sole/pure crops, and seed yield of pea and barley or canola components decreased when grown in intercrop compared to grown as pure crops. Greater biomass production of intercrops, which in turn produced greater seed production, than sole crops could be possibly due to enhanced light interception because of greater canopy, especially for canola [27, 28] .
The LER values greater than 1 indicate higher crop yield and lower land requirement with intercropping compared to when barley and pea were grown as sole crops, especially when grown without applied N. The increase in seed yield of canola and decrease in seed yield of pea with application of N fertilizer compared to zero-N treatment could be most likely due to higher level of nitrate-N in soil which has been observed to favour competition of non-legume canola over legume pea [26, [29] [30] [31] .
In our study, seed yields of the component crops in intercrop mixtures were much lower than their corresponding sole crop seed yields, but the total land productivity was usually higher in intercrop treatments as evidenced by higher LER values. For example, the LER values ranged from 1.15 to 1.50 for intercrops in alternate rows, and from 1.07 to 1.56 for intercrops in same row. In other words, sole cultivation of each crop would require more land than their cultivation in intercrop mixture, suggesting greater land-use efficiency of intercrops ((by 15 to 50% for alternate rows and by 7 to 56% for same row).) than sole crops. Because of different rooting pattern, intercropping legumes with oilseeds or cereals has the potential to improve the use of soil N resource compared to legumes grown as sole crops [2] . Therefore, it is also possible that higher land productivity under intercropping than sole cropping in our study was most likely due to more efficient use of available soil N with intercrops. Also, in our study there was more N uptake with intercrop combinations than sole crops. Similar results were reported previously in intercropping systems for mixed cultures of barley and pea [1, 32] or oilseed rape/canola/mustard and pea [3, 10] . The higher LER values of intercrops when grown in same row than alternate rows indicates that intercropping was superior when root systems of non-legume and legume crops are intermixed because of most likely the differences in the use of different sources of N and possibly other nutrients, as also suggested by Martin and Snaydon [33] .
The highest LER values when sole crop of canola was grown at zero-N compared with application of N fertilizer indicate greatest crop yield and lowest land requirement for canola-pea intercropping grown without any applied N fertilizer. This suggests increase in seed yield and decrease in land requirement for canola sole crop receiving increasing rate of applied N. This also suggests large advantage in favour of intercropping/mixed cropping, in spite of application of N fertilizer to oilseed or cereal crops. The increased in LER values with increasing N rate from 0 to 40 kg·N·ha -1 in both canola-pea intercrop combinations suggests increase in seed yield and decrease in land requirement for canola-pea intercrop with increasing rate of applied N.
Knudson et al. [34] suggest that interspecies competetion can cause increase in the concentration total N in seed of barley when it is grown as a mixture with pea, due to lack of severe competition for N between the crops. In our study, the protein concentration (or total N) also increased in seed of barley-pea or canola-pea mixed intercrops, because more of soil N was available to barley or canola seeds, as pea fixes its own N requirement from the atmosphere.
Our findings suggest that if organic farming has limited possibilities for using manure, the inclusion of N-fixing legume grain crops can be introduced in the intercropping systems for preventing N deficiency in organic crops. Our results also show considerably more gain in protein yield with barley-pea or canola-pea intercrops than pure barley or canola crops, especially when no N fertilizer was applied. In summary, the barley-pea or canola-pea intercrops produced the highest seed yields, while also improving the sustainability of economic returns.
CONCLUSION
Compared to barley and pea as sole crops without applied N, crop yield, N uptake and LER improved with barley-pea intercrop. Seed yield, N uptake and LER also increased with canola-pea intercrop, particularly compared to canola as a sole crop. In barley-pea and canola-pea intercrop systems, seed yield of both crops together increased only slightly with application of N fertilizer. Net returns in both barley-pea and canola-pea intercrop systems improved greatly when no N fertilizer was applied, although the net returns were highest for pea grown as a sole crop without applied N in the barley-pea intercrop. In summary, intercrop of barley or canola with pea improved crop yield, N uptake and net returns, and reduced land requirements compared to barley, canola or pea as sole crops. The findings suggest the potential of barley-pea intercrop, canola-pea intercrop and pea for organic farming systems.
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